Abstract A new and simple type of electron gun is presented. Unlike conventional electron guns, which require a heated filament or extractor, accelerator and focusing electrodes, this gun uses the collimated electron microchannels of an inertial electrostatic confinement (IEC) discharge to achieve the same outcome. A cylindrical cathode is placed coaxially within a cylindrical anode to create the discharge. Collimated beams of electrons and fast neutrals emerge along the axis of the cylindrical cathode. This geometry isolates one of the microchannels that emerge in a negatively biased IEC grid. The internal operating pressure range of the gun is 35-190 mTorr. A small aperture separates the gun from the main vacuum chamber in order to achieve a pressure differential. The chamber was operated at pressures of 4-12 mTorr. The measured current produced by the gun was 0.1-3 mA (0.2-14 mA corrected measurement) for discharge currents of 1-45 mA and discharge voltages of 0.5-12 kV. The collimated electron beam emerges from the aperture into the vacuum chamber. The performance of the gun is unaffected by the pressure differential between the vacuum chamber and the gun. This allows the aperture to be removed and the chamber pressure to be equal to the gun pressure if required.
Introduction
Plasma cathode electron guns are used in a variety of applications, from electron tubes [1] to plasma welding [2] . For this reason, electron guns must operate at a variety of pressures and currents. Many plasma-cathode electron guns create a dense plasma discharge using a hollow cathode [3] , often with the aid of a magnetic field [4] . In standard hollow cathode electron guns, the hollow cathode is generally a cup shape, and the anode is a plate with an aperture [3, 5, 6] . Even when this is not the case, the plasma is strictly used as a source of electrons [7, 8] , from which electrons are extracted by an electrode [9] . Typically, the extracted electrons are accelerated and focused by additional electrodes in order to form a beam. A magnetic field can also be used to focus the beam [3, 10] .
This type of electron gun design requires a discharge in the hollow cathode and exclusion of a discharge from occurring in the extraction, focusing and acceleration electrodes. To avoid breakdown of the gas in the extraction region of the gun, two steps are taken. The first is to have a lower pressure in the extraction region, often achieved by differential pumping. Second, the extraction electrode and additional focusing and accelerating electrodes are placed close together to reduce the breakdown voltage further.
Another common type of electron gun is the heated filament electron gun. These guns work by extracting thermally excited electrons from a heated filament. The upper operating pressures of this type of gun are limited, as the gas will destroy the filament. When the target region of the electron beam requires a high pressure, differential pumping of the electron gun segments is required.
The electron gun presented in this paper formed an electron beam by using an open ended cylindrical cathode to provide the discharge. The cathode was located coaxially within a cylindrical anode. This type of arrangement produced collimated electron microchannels, due to the electrode geometry. This effect was initially observed in the field of IEC [11−13] , in which ions are electrostatically confined by a spherical and gridded electrode. Neutrons are produced via fusion reactions between the confined ions. Beams of electrons and fast neutrals were observed leaving the open spaces of the gridded cathode [14, 15] . The same effect was seen when using the cylindrical cathode in a pressure range of 10-100 mA [16] . However, only one microchannel was formed through the central axis of the cylinder. By exploiting this microchannel, an electron gun that did not rely on differential pumping or an extraction electrode to extract current from the plasma was constructed. Focusing and accelerating electrodes or focusing magnetic fields were also not required to create the beam, although these features are pervasive in other plasma cathode electron gun designs [4, 17, 18] .
Experimental setup
The plasma electron gun shown in Fig. 1 is of a noticeably simple design. The cathode used was an open ended cylinder, different from other hollow cathode guns, in which the body of the gun forms the well known cup shaped hollow cathode. The cylindrical cathode in this gun was coaxially encased within a closed cylindrical anode, with the only opening being the aperture. The electron gun relied on the formation of electron microchannels along the central axis of the cylindrical cathode to create the beam. Because of this there was no requirement for a pressure differential between the discharge and beam target. However, a pressure differential was achieved by adding the required gas through the gun, and allowing it to diffuse into the target region via an aperture. The electrode configuration of the gun was a 2 3 4 inch copper flange tee piece, with a length of 125 mm and a 35 mm inner diameter. The two end flanges of the tee piece consisted of the gas feed-through and a metal plate with a central aperture. Three plates with different sizes of aperture were used, 5 mm, 7.5 mm and 10 mm, along with three gas flow rates, 10 sccm, 20 sccm and 30 sccm, for each aperture size. These correspond to target region pressures of 4 mTorr, 8 mTorr and 12 mTorr respectively. The target region pressure depended on only the flow rate of the hydrogen, not the aperture size. However, smaller apertures created a higher pressure inside the gun for a given flow rate of hydrogen.
A 35 kV electrical feed-through was placed on the side flange of the tee piece, on which a cylindrical cathode (37 mm long and with an inner diameter of 27 mm) was mounted. The cathode was operated at a high voltage of negative polarity; all other metal parts of the experiment including the vacuum chamber were grounded. All of the metal pieces used in the gun were stainless steel. A glass insulator was placed in the port of the vacuum chamber to prevent the electron beam from being attracted to the chamber. In all of the experimental results shown in Figs. 2, 3, 4 and 5 a 50 mm long 26 mm diameter piece of glass was used. However, longer and thinner pieces of glass were tested in order to examine the effects that the glass insulator had on the beam.
The discharge of the gun was powered with a 25 kV 45 mA regulated direct current power supply. The electron gun was only operated in a continuous mode and was not pulsed. To measure the pressure in the gun, the electrical feed-through was removed and replaced with a Pfeiffer type PKR-251 full range cold cathode/Pirani gauge. The internal chamber pressure was measured with a Speedivac model 812 Pirani gauge and the PKR-251, when it was not in use on the gun. The vacuum chamber used was cylindrical, 2 m tall, with a 0.4 m diameter and a domed top. The pumping system consisted of a Pfeiffer Balzer type TPH-510 turbopump, in addition to a rotary backing pump. This arrangement achieved a background pressure of 0.2 mTorr. The internal pressure of the gun was varied between 35 mTorr and 190 mTorr, resulting in chamber pressures of 4-12 mTorr. Hydrogen was used for the gun characterization. However, nitrogen was used in one instance to test the effect of a different gas. The beam current was measured using a grounded copper plate, placed 135 mm away from the gun aperture.
3 Results and discussion
Current characteristics
Figs. 2 and 3 show the beam current as a function of discharge current and discharge voltage respectively. The ratio of the current measured by the plate to the discharge current was inversely proportional to the discharge voltage, as shown in Fig. 4 . Due to the symmetry of this discharge, it was expected that the electron beam emerging from one side of the cylindrical cathode should contain approximately half of the discharge current. Consequently, the maximum achievable beam current attained by the largest aperture is expected to also be 50% of the discharge current. The current that is measured by the plate is an underestimate of the beam current due to electrons being ejected from the surface of the plate. To estimate the amount that the current was underestimated by, the cylindrical cathode was placed inside the vacuum chamber. One end of the cylinder faced the vacuum chamber wall while the other end faced the current measuring plate. It was expected that the plate would measure approximately half of the discharge current. However, the current that was measured was lower than half of the discharge current by a factor of approximately 2 for a 2 kV discharge voltage, increasing to a factor of approximately 4 at 12 kV. The difference between expected and measured currents is due to surface emission of electrons created by the impact of fast neutrals, which were also present in the electron beam. The fast neutrals were produced via charge exchange reactions between fast ions and the background gas, as shown in Fig. 1 . Ions that were produced in the rear half of the gun were traveling in the direction of the cathode and aperture. When these ions underwent a charge exchange reaction, fast neutrals were produced, that were also heading in the direction of the aperture. Some of these fast neutrals exited the gun via the aperture with the electron beam. All beam currents quoted in the results section of this paper are the currents measured directly by the plate, unless specifically stated. This is due to uncertainty in the spatial density profile of the fast neutrals and the effect of the electron gun aperture on reducing their incidence on the plate.
The current increased linearly for both discharge current and discharge voltage for all pressures and apertures. For aperture sizes of 10 mm and 7.5 mm a larger beam current was observed for increasing gun pressure, for a given discharge current and voltage. The 5 mm aperture showed the opposite characteristic of increasing beam current for decreasing gun pressure, possibly indicating an optimum pressure for the formation of microchannels between 95 mTorr and 130 mTorr.
The 7.5 mm aperture was used to study the effect of nitrogen as the discharge gas. The results are shown in Fig. 5 . The discharge characteristics changed slightly in terms of discharge voltage, but the overall efficiency of the gun did not change. This suggests that the majority of the electron population was produced at the cathode by secondary emission and not by ionization of the background gas. Consequently, the majority of the electrons are expected to have the full discharge energy by the time they reach the field free region of the target area. This being the case, a larger cathode would probably produce a larger current for a given voltage. Using a power supply that can produce a larger current may also be an effective way of increasing the gun output. From Figs. 2 and 3 , it can be seen that the discharge current rose rapidly in terms of the discharge voltage, and this effect was reduced by decreasing the pressure. This result indicated that the plasma was operating in the abnormal glow discharge mode, and that increased arcing was likely to occur on further increasing the voltage. Arcing was observed in some instances. The amount of beam loss from the aperture of the gun to a grounded copper plate 130 mm away was measured by putting a 12 mm diameter circular plate 8 mm away from the aperture of the gun. The result is shown in Fig. 5 . There was no appreciable difference in the beam current for gun pressures of 60 mTorr and 80 mTorr with the 7.5 mm aperture, indicating no beam loss in the arrangement. However, a significant decrease in the current measured on the plate was observed at a pressure of 95 mTorr. An increase in current on the close plate would be expected if the beam was striking the glass insulator, or diverging once it emerged into the chamber. The decrease is possibly caused by the radial profile of the fast neutrals changing with the pressure inside the gun. If more fast neutrals are striking the plate for an equivalent electron current, the measured current will decrease.
The largest beam current measured was 3.5 mA, for a discharge current of 45 mA. This is a current efficiency of 8%, or 14 mA and 31%, if the correction is made for the underestimate in the measuring method. Other electron guns have a current efficiency of between 30% and 100% [4, 5, 7, 19] and will produce a current of 14-45 mA for a discharge current of 45 mA. Due to the production of a symmetrical electron microchannel emerging from either side of the cathode, half of the discharge current will be traveling towards the back of the gun. This half of the current is never expected to emerge from the aperture, hence the absolute maximum current efficiency for this style of gun was expected to be at most 50%.
Beam characteristics
A phosphorescent screen was placed at a distance of 150 mm from the aperture and 100 mm from the 50 mm long glass insulator. The beam showed a bright circular region, which increased in intensity towards the centre. The pattern and beam width were found to be independent of the size of the aperture used. The screen glowed brighter overall the wider the aperture that was used due to a higher electron current and energy. Since the beam width was not dependent on the aperture, the effect of the glass insulator was considered. The 26 mm diameter glass insulator was replaced with two smaller diameters of glass, 19 mm and 12 mm. Fig. 6 shows the total width of the beam at three distances from the end of the glass insulator for the three different widths of glass.
The beam width given in Fig. 6 was determined by using a metal ruler with a phosphorescent powder coating in the markers, shown in Fig. 7 . The thinner glass produced a correspondingly thinner electron beam and the angle of beam divergence decreased for decreasing diameters of glass. The angle of divergence was 10
• , 8
• and 8
• for the 26 mm, 19 mm and 12 mm diameter insulators. There was no difference in the measured current for the two largest diameters of glass but there was a decrease in the current for the 12 mm diameter glass, by a factor of approximately The 50 mm long glass insulators were replaced with a 200 mm long 19 mm wide insulator. This reduced the beam width by approximately half at a distance of 100 mm and considerably reduced the angle of divergence to 2.5
• . However, the current was also reduced by a factor of 2. This behavior indicated that the glass had a focusing effect on the beam, probably due to the accumulation or surface charge. If the glass was only masking the electron beam a decrease in current would be expected between the 26 mm and 19 mm pieces of 50 mm length; however, this was not observed. Additionally, the decrease in current from the long piece of glass would be much larger if the glass had not resulted in some focusing. Other plasma electron guns can have smaller beam widths of 10 mm [7] , or 2 mm [17] with the aid of a magnetic lens. Other beams are wider [20] , with a total width of 120 mm. It should be noted that the reported beam width is not an average width measurement such as the full width at half maximum (FWHM) of the beam. The total width of the beam is recorded, as the phosphorescent markings were unable to indicate the internal structure of the beam: only the edges of the beam were distinguishable. This can be seen in Fig. 7 .
The beam energy was determined by deflecting the beam by a pair of 60 mm diameter Helmholtz coils, with the centre placed 80 mm away from the aperture of the electron gun. The energy of the beam was determined by the strength of the magnetic field and the amount of resulting deflection. This result is shown in Fig. 8 . The beam energy was equal to the discharge voltage, within the errors of the experiment. The equality of these energies is consistent with the hypothesis that most of the electrons produced in this discharge were produced at the cathode, and not by ionization. This hypothesis is also supported by the earlier result that used nitrogen as the discharge gas, shown in Fig. 5 . 
Conclusion
An electron microchannel from an IEC plasma device has been used as an electron gun. This style of electron gun is simpler than conventional plasma cathode electron guns. It does not require additional extraction, focusing or accelerating electrodes, or a magnetic field for the discharge or beam focusing. Due to the lack of these additional electrodes, the target pressure can be as high as the interior gun pressure, which was varied from 35 mTorr to 190 mTorr, while the target pressures varied from 4 mTorr to 12 mTorr. The pressure differential was created by feeding gas into the chamber via the electron gun. The current produced by the gun was measured as between 0.1 mA and 3 mA, for discharge currents of 1-45 mA and discharge voltages of 0.5-12 kV. However, the actual current was found to be higher than the measured value due to the presence of fast neutrals in the electron beam. After allowing for this reduction, the actual range of beam currents varied from 0.2 mA to 14 mA. Using the corrected values, this gun produced 5% of the discharge current for the smallest aperture and up to 31% for the largest aperture. While this design of electron gun is at the lower end of efficiencies for typical plasma electron guns, it is of considerably simpler design than typical electron guns.
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